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Abstract

Purpose—Dose painting strategies are limited by optimization algorithms in treatment planning
systems and physical constraints of the beam delivery. We investigate dose conformity using the
RapidArc optimizer and beam delivery technique. Furthermore, robustness of the plans with
respect to positioning uncertainties are evaluated.

Methods—A head&neck cancer patient underwent a [81Cu]Cu-ATSM PET/CT-scan. PET-SUVs
were converted to prescribed dose with a base dose of 60Gy, and target mean dose 90Gy. The
voxel-based prescription was converted into 3, 5, 7, 9, and 11 discrete prescription levels.
Optimization was performed in Eclipse, varying the following parameters: MLC leaf width (5mm
and 2.5mm), number of arcs (1 and 2) and collimator rotation (0, 15, 30 and 45 degrees). Dose
conformity was evaluated using quality volume histograms (QVHSs), and relative volumes
receiving within £5% of prescribed dose (Qg.g5-1 05). Deliverability was tested using a Delta4
phantom. Robustness was tested by shifting the isocenter 1mm and 2mm in all directions, and
recalculating the dose.

Results—Good conformity was obtained using MLC leaf width 2.5mm, two arcs, and
collimators 45/315 degrees, with Qg g5_1.05=92.8%, 91.6%, 89.7% and 84.6%. Using only one arc
or increasing the MLC leaf width had a small deteriorating effect of 2-5%. Small changes in
collimator angle gave small changes, but large changes in collimator angle gave a larger decrease
in plan conformity; for angles of 15 and 0 degrees (two arcs, 2.5 mm leaf width), Qg o5_1 05
decreased by up to 15%. Consistency between planned and delivered dose was good, with ~90%
of gamma values <1. For 1mm shift, Qg 95_1 g5 Was decreased by 5-15%, while for 2mm shift,
Qo.95-1.05 Was decreased to 55-60%.

Conclusions—Results demonstrate feasibility of planning of prescription doses with multiple
levels for dose painting using RapidArc, and plans were deliverable. Robustness to positional error
was low.
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Introduction

For a given integral dose, it can be shown theoretically that a uniform radiation dose
distribution optimizes the probability of controlling a tumor mass with a homogenous
radiosensitivity[1-3]. However, far from being homogenous, human tumors are
characterized by large variability in micro-environment and cellular characteristics. More
than 20 years ago, Brahme and Agren [4] used mathematical modelling to show that an
appropriately shaped non-uniform dose-distribution could optimize the tumor control
probability for a tumor with spatial variation in radiosensitivity. Advances in molecular and
functional imaging are making non-invasive mapping of spatial variations in
radioresponsiveness increasingly realistic. This was the background for a visionary paper
published in 2000 by Ling et al [5] who proposed that molecular imaging could be used to
define a discrete subvolume that would benefit from a radiation boost dose, a concept
demonstrated in a case study of a hypoxia surrogate scan by Chao et al. [6] the following
year. A generalization of this concept, voxel-based dose prescription using a mathematical
prescription function or so-called dose painting by numbers, was proposed by Bentzen in
2005[7]. Dose painting is the subject of an increasing number of - mostly theoretical and/or
in silico — studies, investigating various functional imaging modalities as well as dose
prescription, optimization and delivery techniques [8-13]. There are a number of
uncertainties and unknowns related to the imaging modalitites on which the prescription
function should be based, as well as a lot of unknown factors related to the translation of the
image into a prescription function for dose painting [14;15]. While much research is still
needed on the biological basis for dose painting, clinical studies of molecular imaging based
boosting of putative resistant subvolumes are in progress. From a research strategy point-of-
view experience from clinical trials provides a valuable complement to the results of
laboratory based research. It is therefore relevant to develop the tools for planning and
delivery of dose painted treatment plans as a requisite for clinical proof-of-principle studies
and this is the context of the present study.

An issue which has received little attention in the literature is the capability of existing
treatment planning systems to produce treatment plans for dose painting. The optimization
engines of most treatment planning systems are tailored to produce dose distributions which
can be described by few dose-volume parameters with the delineation of volume structures
as the only spatial guide. The challenge of the dose painting approach is that the desired
dose distributions are described by the heterogeneous spatial distribution of dose, which
cannot easily be described by dose-volume parameters. In the literature, several research
treatment planning systems have been used with features allowing optimization of dose
distributions prescribed at the voxel-level [8;10;12;16]. This paper deals with the feasibility
of optimising and delivering a heterogeneous dose distribution for dose painting using
currectly available commercial soft- and hard-ware. As a case example, a Cu-ATSM PET
image for a head and neck cancer patient is used. Cu-ATSM uptake correlates with clinical
outcome in several tumor types and has been shown to correlate with physiologic and
endogenous markers of oxygen tension in tumours. Clinical studies have shown that hypoxia
is a major course of treatment failure after radiation therapy[17;18]. For the translation of
the PET image into a dose prescription a simple proportional model is used, which in the
case example gives rise to a dose prescription with large spatial variability.

In a study presented at AAPM 2009 annual meeting and in a separate paper in this journal
issue, the feasibility of performing dose painting using a commercially available
TomoTherapy treatment planning system is demonstrated [19]. The present study tests the
feasibility of performing dose painting using volumetric modulated arc therapy, which is a
widely available technique, increasingly replacing standard IMRT in clinics equipped with
gantry-based linacs. As an example of a volumetric modulated arc therapy system, RapidArc
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is used (Varian Medical Systems, Inc). The dependence of the plan quality on the spatial
resolution of the dose objectives used for the treatment plan optimisation will be addressed,
as well as the sensitivity to variations of the physical parameters of the beam configuration.
Last, the robustness of the treatment plans with respect to positional variations is
investigated.

Materials and methods

One patient case was used for the study. A patient with a squamous cell base of tongue
carcinoma with ipsilateral regional lymph node involvement underwent a pre-treatment
[61Cu]Cu-ATSM PET/CT scan three hours post injection. Imaged PET uptake was
segmented to include only values within the CT-based planning target volume (PTV), which
required downsampling this region of interest in order to match the PET image spatial
resolution. A treatment planning CT scan was also performed, and relevant strucures were
delineated. For the purpose of the present study, the patient body structure from the original
treatment planning system (TomoTherapy Hi Art, TomoTherapy Incorporated, Madison,
WI) was transferred to the Eclipse treatment planning system (Varian Medical Systems,
Incorporated, Palo Alto, CA), and a 3D image was created in Eclipse based on this structure.
The entire body contour was assigned Hounsfield Unit zero (corresponding approximately to
water) in Eclipse. The actual planning CT-images of the patient were not transferred for
regulatory reasons.

The Cu-ATSM PET scan image (figure 1a) was translated to a dose prescription based on
the following relation:

D;=60Gy+30Gy * PET;/<PET> )

such that a base dose of 60Gy is given, and the entire target receives a mean dose of 90Gy.
In each voxel i, the dose D; is the base dose plus an escalation dose proportional to the PET
SUV in that voxel normalised to the mean PET SUV. The proportionality factor of 30Gy
ensures an overall mean target dose of the base dose plus 30Gy, i.e. a total of 90Gy. Figure
1b shows the resulting voxel-based dose prescription as a prescription dose colour wash.

For optimization in the Eclipse treatment planning system, the voxel-based prescription dose
was converted to prescriptions with a number of equispaced dose levels. For each dose level,
a target substructure was generated corresponding to the outlines of the dose prescription
level using Matlab, and the target substrcutures were subsequently imported into Eclipse.
For each substructure, the prescription dose was defined as the mean of the voxel-based
prescription dose within that substructure (see table 1). These level-based prescription doses
are illustrated in figure 1c for five levels. In this study, we used level-based prescription
doses with 3, 5, 7, 9 and 11 dose levels, respectively, and substructure sets were created for
each of these. Additionally, an encompassing target structure was defined (and was
identical) in all substructure sets.

The physical parameters in a RapidArc treatment plan which can be varied by the user are
basically the MLC width, the number of arcs, the arc rotation angles, the collimator rotation
angle, the couch rotation, the isocenter position and the beam energy.

In this study, the following parameter settings, affecting the spatial resolution and the degree
of modulation of an optimisation, were investigated in all combinations:

e MLC widths 2.5 mm (the HD MLC installed on a Novalis TX machine) and 5 mm
(the Millenium MLC installed on an iX Clinac)
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* One and two arcs (optimised in a single step).

»  Collimator rotations 45, 30, 15 and 0 degrees. When two arcs were used, the
collimator rotations of the two arcs were chosen complementary, such that the
collimator rotation of the second arc was 315 (45), 330 (30), 345 (15) and 0.

In all cases, 6MV beam energy was used, couch rotation was 0 degrees, and all the arcs
spanned 358 degrees of an arc rotation. A set of default parameters were chosen as two arcs
with MLC width 2.5 mm and collimator rotations 45(315) degrees. This default set yields
the most degrees of freedom, and is hence expected to give the best optimization results.

For the treatment plan optimisation, dose objectives were initially defined for each of the
substructure target sets using the default parameter set, aiming in all cases for an overall
dose distribution mimicking as closely as possible the voxel-based prescription function. For
all variations of physical parameters within the same number of dose prescription levels, the
same optimisation dose objectives and priorities were used.

All plans were normalised to give a mean dose of 90Gy to the entire encompassing dose
painting target volume.

The quality of a plan was quantified for each voxel as the ratio between the planned
(calculated) dose and the prescribed dose in that voxel. This figure of merit was calculated
for the level-based dose prescription. Quality index volume histograms were produced —
analogous to dose-volume histograms — for all the substructures and for the combined total
dose painting target volume, and evaluated in order to assess the quality of a treatment plan.
The steeper the cumulative quality-volume histogram (QVH) is, approaching a step-function
at the quality index 1, the better the treatment plan. An overall figure of merit for a plan, the
Qo.95-1.05, Wascalculated as the proportion of voxels within a structure of interest having a
quality index between 0.95 and 1.05 (dose within £5% of the prescribed dose).

Deliverability of three selected dose painting plans for 3, 7 and 11 dose prescription levels
was tested using the Deltad4 (Scandidos AB) dosimetric phantom. The Delta4 is a
cylindrically shaped PMMA phantom, surrounding two crossing orthogonal planes with a
total of 1069 p-Si diodes. The diodes are disc shaped with a volume of 0.04 mm3, with a
centre to centre distance of 0.5 cm in the central area (6 cm x 6 cm) and 1 cm in the outer
area (up to 20 cm x 20 cm) of the planes. Gamma analysis was performed to compare the
calculated dose from the treatment planning system with the delivered dose (as previously
described for RapidArc measurements in [20]). The gamma analysis was performed with
dose deviation criterion 3% and distance to agreement criterion 1 mm using the internal
analysis tool of the Delta4 software. The gamma evaluation was performed for dose levels
50% to 500%, and the dose deviation of 3% was taken relative to 3Gy for a one-fraction
delivery.

Robustness towards positional variations was investigated by shifting the plan isocenter and
recalculating the dose with fixed number of monitor units. This simulates in a simple way a
systematic error throughout the treatment course. The resolution available for isocenter
definition in Eclipse is 1 mm, and the robustness tests were carried out for 1 mm shift along
all three axes and 2 mm shift along all three axes, respectively. The robustness tests were
done for the default settings of 2 arcs, 2.5 mm MLC width and 45 (315) degrees collimator
rotation for all numbers of dose prescription levels.
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Optimisation for 2 arcs with collimator angles 45 and 315 degrees and 2.5 mm MLC width,
resulted in a plans with Qg 95_1 05 = 67.2%, 79.2%, 87.7%, 91.2% and 92.8% for 3,5, 7,9
and 11 dose levels, respectively. The corresponding QVHs are shown in figure 2a.

The QVHs for the 11 level plans with variations in physical parameters are shown in figure
2b-d. In table 2, the Qq.g95-1.05 values are shown for the 11 level structure set for all
variations in physical parameters (it would be too many numbers to include in tabular form
all Qg.g5-1.05 for all number of levels). Generally, the deterioration of plan conformity was
small for increased MLC width, and for reduced number of arcs, while the effect of variation
in collimator rotation angle was larger. For instance, for 11 dose levels Qg g5-1.05 (2 arcs,
MLC 2.5 mm) was 92.8%, 91.6%, 89.7% and 84.6% for collimator rotations 45(315),
30(330), 15(345) and 0, while for one arc (collimator 45 degrees, MLC 2.5 mm) Qg 95-1.05
was 88.9%, and for MLC 5 mm (two arcs, 45(315) degrees) Qg 95-1.05 Was 90.5%.

Robustness to systematic positional shifts are shown in figure 3 for all number of dose
prescription levels. For 1 mm isocenter shift in all directions, there is a deterioration on plan
conformity (Qg g5-1.05) for all plans of a magnitude of 5-15 percent points (relative decrease
10-17%). The magnitude of the deterioration tends to increase with increasing number of
levels. For 2 mm isocenter shift in all directions, the deterioration is substantially worse with
a magnitude of 14-34 percent points (relative 20-38%), again with a trend towards
increasing magnitude for increasing number of levels.

Delivery of plans for 3, 7 and 11 dose prescription levels was tested (for all three plans 2
arcs were used with collimator angles 45 and 315 degrees and with 2.5 mm MLC width),
and the gamma analysis showed a large degree of accuracy (consistency between planned
and measured dose). The number of points with a gamma value less than 1 was 89.6%,
88.5% and 92.2%, with 86.6%, 84.6% and 88.8% of the points within 3% dose deviation.

Discussion

It has been shown that high conformity can be achieved using a level-based dose
prescription approach as a work-around for dose painting by numbers in a commercial
treatment planning system utilising dose volume objective optimization. The quality of
treatment plans was highly dependent on the number of dose levels used for the
optimisation, with higher number of levels giving better conformity to prescribed dose. This
trend is not surprising since the larger the number of levels, the closer does the level-based
dose-volume optimisation resemble a voxel-based optimisation. However, the dose-volume
based optimisation algorithms are not designed for objectives at the voxel resolution, and it
is likely that there is a maximum number of levels for which better optimisations will not be
reached. This may be distinguished here in the fact that the difference between using 9 and
11 levels is small.

The quality of the plans was less dependent on the settings of the physical parameters of the
beam configuration related to the spatial resolution and modulation of the plans. Variation in
MLC width relates to spatial resolution, and a doubling of MLC width from 2.5 mm to 5
mm gave only small change in plan conformity of ~2—6%. The number of arcs relates to
degree of modulation, and a halving of the number of arcs from 2 to 1 also gave only a small
change in plan conformity in all cases of ~2—6%.

The collimator rotation relates to both spatial resolution, degree of modulation, and available
degrees of freedom. The collimator rotation giving the largest available phase space is 45
degrees, with a second arc having an orthogonal angle of 315 (or 135) degrees.
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These planning results in this study are comparable to results obtained using the
TomoTherapy commercially available treatment planning system, and reported in a separate
paper in this journal issue. Both with respect to the dependency on the number of
prescription levels used, and with resepct to the overall conformity of plans are the two
feasibility studies comparable.

Three test plans in the present study were deliverable with a high degree of accuracy, as
measured using a diode array dosimetric phantom. The amount of measurement points in the
target volume was limited, which is not ideal for treatment plans with such a high degree of
modulation as seen in this case. However, an advantage of the diode array is that the
measurement volumes are very small meaning that only little spatial smearing will affect the
measurements. Also, for the Delta4 phantom, there is not only one array but two orthogonal
arrays, and the spacing between the diodes in the central part of the beam (covering most of
the target in this case) is only 5 mm. Ideally, a true 3D dose measurement should be carried
out to verify the deliverability of this type of dose distribution. Gels might be a good option,
and we have previously demonstrated promising results in using gels for verification of
RapidArc delivery [21].

Although there was very high conformity of optimised plans compared to the prescribed
dose, the plans were not very robust to positional variations. For a small systematic error of
1 mm in all directions (1.7 mm vector length of error) the plan conformity was decreased
substantially for all plans, but still with distinguishable better plans for higher number of
optimisation levels. For 2 mm error in all directions, there was low conformity of all plans
(only ~53-60% of dose within 5% of planned dose) irrespective of original plan quality.
This result points to the necessity of extremely high precision protocols in the
implementation of dose painting in the clinic with extensive image guidance, and use of
adaptive planning to accomodate for daily changes [22].

The most important limitation of this study is that only one case has been investigated. The
case was chosen among a group of head and neck cancer patients for whom Cu-ATSM PET
scans were performed in a study at UW-Madison Cancer Center. The case was chosen as the
one exhibiting the most complex dose prescription function based on the PET scan, and is
thus expected to represent a worst-case scenario in terms of the challenge it presents to the
treatment planning and delivery systems. It therefore makes a good case for a feasibility
study. It is likely that most dose painting cases will be equally or less complicated, and that
the treatment planning system will be able to optimise to conformal and deliverable dose
patterns.

Unfortunately, it was not possible to transfer the actual patient images to Eclipse owing to
regulatory reasons, and therefore tissue density and material heterogeneities were not
included. This will make a small difference in the optimisations, but it is not expected that it
will change the picture substantially. In the parallel TomoTherapy feasibility study, tissue
heterogeneities were included, and the results were very similar to the results obtained in the
present study.

Clinical guidelines for treatment of head and neck cancers often include several extended
target structures treated to different dose levels, such as subclinical target volumes and
elective nodes. These have not been considered in the present study. Also, dose constraints
to organs at risk have not been considered. The purpose of this study was to investigate the
capability of one of the most commonly available treatment planning optimisation
approaches to produce the heterogeneity of dose patterns encountered in a complex dose
painting example. The treatment planning systems were not designed for this purpose, but
rather for using simple dose-volume constraints with structure outlines as the only
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geographical guides. Since we have now demonstrated the feasibility of achieving these
heterogeneous dose distributions, one of the next steps will be to investigate how this can be
done when additional clinical dose guidelines and restrictions are imposed.

Studies such as the present, aiming to develop and investigate methods for carrying out dose
painting treatment planning and optimisation, are yet scarce in the literature, but important
for facilitating the practical implementation of dose painting protocols in the clinic. Several
issues need to be addressed, such as establishing the achievable spatial resolution of dose
heterogeneities, establishing the appropriate settings of beam parameters, establishing
appropriate use of the treatment planning systems etc. Ultimately, it should be clarified what
the limiting factors in the treatment planning and delivery steps are for dose painting, and
how the optimal results can be achieved in terms of delivering dose distributions as close as
possible to the prescribed doses.

The important limiting factors for dose painting at the moment appear to be lying in the
preparatory steps of getting from the functional images to the dose painting prescriptions in
the first place. Issues especially exist in quantification of functional images, specificallywith
regard to uncertainties in PET images, in deciding on appropriate functional imaging
modalities and tracers for functional PET imaging, and in translating the functional images
into dose prescriptions [23]. These limitations cannot be overcome through simple treatment
planning studies such as the present. To a large extent, prospective trials will be needed in
order to clarify especially those of the issues which are of a biological nature. However, in
order to commence prospective trials relating to dose painting, the ability to plan and deliver
dose painting must be established and verified, and the present study is an important step in
the direction of achiving this.

Conclusions

Planning and delivery of a complex dose painting case was found to be feasible using
volumetric modulated arc therapy — exemplified by RapidArc. A workaround employing
discrete dose levels and substructures in the treatment planning system was found to be
useful for generating a voxel-based dose prescription. The spatial resolution of the dose
prescription discretization had a large effect on the conformity of the plan, whereas variation
of the physical parameters of the beam configuration had little effect. A test plans was
deliverable with a high degree of accuracy (consistency between measured and calculated
dose), but generally plans were not robust towards systematic positional variations.
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Figure 1.

(a) The Cu-ATSM PET image for the patient, (b) the dose prescription map, (c) the
substructures corresponding to five dose prescription levels, (d) an example of the optimised
dose.
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Figure 2.

Quality volume histograms for: (upper left) all the number of dose prescription levels used
(with default settings of the optimisation paramenters); 11 levels (solid line), 9 levels
(dashed line), 7 levels (dotted line), 5 levels (dash-dot line), 3 levels (thin solid line), (lower
left) 11 dose prescription levels for one (dotted line) and two (solid line) arcs, (lower right)
11 dose prescription levels for MLC width 2.5 mm (solid line) and 5 mm (dotted line),
(upper right) 11 dose prescription levels for collimator rotations 45(315) (solid line),
30(330) (dashed line), 15(345) (dotted line) and 0(0) (dash-dot line).
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Figure 3.

Magnitudes of Qg g5_1 05 for the default settings of optimisation parameters for all numbers
of dose prescription levels for no positional shift (circles), shift of 1 mm in all directions
(squares), and shift of 2 mm in all directions (diamonds).
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Tabulation of Qg g5_1 o5 for combinations of physical parameters for level-based dose painting for

optimisation with 11 dose levels.

Table 2

One arc Two arcs
11 levels 25mm | 5mm | 25mm | 5mm
45 degrees (315 for second arc) 88.9 85.6 92.8 90.5
30 degrees (330 for second arc) 88.6 85.2 91.6 90.6
15 degrees (345 for second arc) 86.6 85.8 89.7 89.6
0 degrees (both arcs) 74,0 68.8 84.6 82.0
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